INTRODUCTION
p -a r e among t h e p r i n c i p a l p r o c e s s e s which l e a d t o t h e degradation of o r g a n i c m a t e r i a l of a l l kind under t h e combined a c t i o n of l i g h t and oxygen. I n a l a r g e number of photooxidation r e a c t i o n s , t h e r e a c t i v e i n t e rmediate i s s i n g l e t oxygen, which i s most o f t e n produced by s e n s i t i z a t i o n , i . e . by energy t r a n s f e r from an e l e c t r o n i c a l l y e x c i t e d s e n s i t i z e r molecule t o molec u l a r oxygen.
I n v e s t i g a t i o n s on t h e noxious e f f e c t of l i g h t on b i o l o g i c a l systems, i n t h e presence of a dye and of molecular oxygen (photodv namic e f feet) , a r e r e p o r t e d s i n c e t h e beginning of t h i s c e n t u r y ( r e f . l), and, 4 0 y e a r s l a t e r , Tennent concluded t h a t c e l l d e f e c t s observed upon i r r a d i a t i o n i n t h e presence of d i f f e r e n t dyes must be due t o a "photocompound", an a c t i v e a g e n t inducing t h e photodynamic e f f e c t ( r e f . 2 ) . Kautsky suggested a l r e a d y i n 1931 t h a t t h e r e a c t i v e i nt e r m e d i a t e of d y e -s e n s i t i z e d p h o t o o x i d a t i o n s could be a m e t a s t a b l e a c t i v a t e d s p e c i e s of molecular oxygen, s i n c e t h e d i f f u s i o n of some o x i d i z i n g agent was
necessary i n o r d e r t o e x p l a i n photooxidation when s e n s i t i z e r and r e a c t a n t were adsorbed s e p a r a t e l y on s o l i d m a t r i c e s ( r e f . 3 ) . U a l e t oxvaen was discovered by a s t r o p h y s i c i s t s i n 1 9 2 4 , b u t it was almost 4 0 years u n t i l t h e observed emission bands of t h e chemiluminescence of t h e react i o n of hydrogen p e r o x i d e w i t h sodium h y p o c h l o r i t e c o u l d be a t t r i b u t e d t o s i n g l e t oxygen ( r e f . 4 
, 5 ) . I t remained t h e n t o demonstrate t h a t t h e hydrogen peroxide/sodium h y p o c h l o r i t e system, t h e s e n s i t i z e d photooxidation and t h e oxid a t i o n by oxygen which has been e x c i t e d i n an e l e c t r i c d i s c h a r g e produced t h e same d i s t r i b u t i o n of o x i d a t i o n products f o r a given r e a c t a n t ( r e f . 6,l).
The l a s t 25 y e a r s have witnessed an e x t r a o r d i n a r y development of t h e r e s e a r c h on s i n g l e t oxygen r e l a t e d photooxidations i n most d i v e r s e a r e a s ( r e f . 8 ) , such a s atmospheric p h y s i c s , spectroscopy, o r g a n i c , i n o r g a n i c and polymer chemistry, a s well a s environmental chemistry. Important c o n t r i b u t i o n s o r i g i n a t e from l i f e s c i e n c e s with r e s e a r c h work on p h o t o t o x i c i t y and photodynamic t h e r a p y . ' on a t e c h n i c a l s c a l e i s necessaDevelopment work on -zed photoor i l y based on a d e t a i l e d knowledge of r e a c t i o n mechanisms and, consequently, on a s e t of methods of s p e c i f i c and q u a n t i t a t i v e a n a l y s i s . This s p e c i a l i z a t i o n i n t h e a n a l y s
i s of t h e i n t e r m e d i a t e s of l i g h t induced o x i d a t i o n s has p l a c e d u s on t h e c r o s s r o a d s of very d i v e r s e r e s e a r c h t o p i c s , and some of them a r e taken a s examples i n o r d e r t o demonstrate t h e s t a t e of r e s e a r c h i n t h i s domain.
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The two lowest e l e c t r o n i c a l l y e x c i t e d s t a t e s of molecular oxygen a r e s i n g l e t s t a t e s , t h e two e l e c t r o n s i n t h e l R g o r b i t a l having o p p o s i t e s p i n s ( r e f . 9 , l O ) . The energy d i f f e r e n c e between t h e t r i p l e t ground s t a t e and t h e f i r s t e x c i t e d s t a t e (IA,) i s 9 4 . 2 k J * m o l -l , and i s 156.9 kJ.mol-I between t h e second e x c i t e d s t a t e (IZ;) and t h e ground s t a t e . The e l e c t r o n i c t r a n s i t i o n s between t h e t r i p l e t ground s t a t e and t h e e x c i t e d s i n g l e t s t a t e s a r e s p i n -f o r b i d d e n t r a n s i t i o n s . Consequently, t h e corresponding molar a b s o r p t i o n c o e f f i c i e n t s of molecular oxygen a r e e x t r e m e l y weak, and t h e p r o d u c t i o n of s i n g l e t oxygen by d i r e c t e x c i t a t i o n i s of no importance. 
n of s i n g l e t oxygen ( r e f . 8 , l O ) . S e n s i t i z a t i o n c a n be a p p l i e d i n a l m o s t a n y r e a c t i o n system and i s r e l a t i v e l y e a s y t o implement on a t e c h n i c a l s c a l e . E q u a t i o n s (1) , ( 2 ) and ( 3 ) summarize t h e s e n s i t i z a t i o n mechanism.
, I e t 3 s e n s * + 02 -Sens + 102
The s e n s i t i z e r ( S e n s ) i s e x c i t e d by a b s o r p t i o n o f l i g h t ( 1 ) . Given t h a t t h e l i f e t i m e s o f e x c i t e d t r i p l e t s t a t e s a r e much l o n g e r t h a n t h e l i f e t i m e s o f e x c i t e d s i n g l e t s t a t e s , s e n s i t i z a t i o n i n d i f f u s i o n c o n t r o l e d r e a c t i o n s gener a l l y t a k e s p l a c e v i a t h e t r i p l e t s t a t e of t h e s e n s i t i z e r ( 3 S e n s * , ( 3 ) ) .
Depending on t h e e n e r g y o f 3Sens* (ET), b o t h e x c i t e d s i n g l e t s t a t e s o f oxygen c a n b e g e n e r a t e d , a n d t h e s e n s i t i z e r i s d e a c t i v a t e d w i t h o u t c h e m i c a l a l t e r a t i o n . I n p r a c t i c e , t h e lxi s t a t e i s r a p i d l y d e a c t i v a t e d i n s o l u t i o n ( r e f . lo), and i n t h e f o l l o w i n g , w e a r e o n l y i n t e r e s t e d i n t h e IAS s t a t e a s t h e r e a c t i v e i n t e r m e d i a t e , d e n o t e d I 0 2 .
According t o t h e scheme o f e q u a t i o n s (1) t o (3), t h e quantum y i e l d o f s i n a l e t Oxygen p r o d u c t i o n (@A) by a g i v e n s e n s i t i z e r i s e q u a l t o t h e p r o d u c t of t h e quantum y i e l d o f i n t e r s y s t e m c r o s s i n g ( o r t r i p l e t f o r m a t i o n , @is,=) and t h e e f f i c i e n c y o f t h e e n e r g y t r a n s f e r t o m o l e c u l a r oxygen (Qet).
' and k, b e i n g t h e r a t e c o n s t a n t s of t h e n o n -r a d i a t i v e and r a d i a t i v e kist d e c a y of 3Sens*1 r e s p e c t i v e l y , and krd t h e r a t e c o n s t a n t of o t h e r poss i b l e p r o c e s s e s i n v o l v i n g 3 S e n s * a n d 0 2 ( e . 9 . s u p e r o x i d e a n i o n f o rm a t i o n , q u e n c h i n g o f 3Sens* by 0 2 l e a d i n g t o t h e g r o u n d s t a t e o f b o t h r e a c t a n t s ) .
I n e v a l u a t i n g s i n g l e t oxygen s e n s i t i z e r s b y t h e i r quantum e f f i c i e n c y o f s i n g l e t oxygen p r o d u c t i o n , t h e d i f f e r e n t i a t i o n and s p e c i f i c d e t e r m i n a t i o n o f b o t h f a ct o r s , @isc a n d Qet, i s i m p o r t a n t f o r t h e f u n d a m e n t a l u n d e r s t a n d i n g o f p r i m a r y and s e c o n d a r y p r o c e s s e s i n v o l v e d i n s e n s i t i z a t i o n a n d , c o n s e q u e n t l y , f o r t h e development of new s e n s i t i z e r s f o r d i f f e r e n t domains o f a p p l i c a t i o n s .
The i n t e r s v s t e m c r o s s i n a auantum v i e l d (Disc) may b e d e t e r m i n e d by l a s e r f l a s hp h o t o l y s i s e x p e r i m e n t s u s i n g e i t h e r t h e p a r t i a l s a t u r a t i o n method ( r e f . 11) o r t h e e n e r g y t r a n s f e r method ( r e f . 1 2 ) . P r e p a r i n g a p p l i c a t i o n s i n m i c r o h e t e r o g en e o u s o r h e t e r o g e n e o u s media, w e h a v e u s e d p r e f e r a b l y t h e f i r s t o f t h e s e methods i n o r d e r t o a v o i d p r o b l e m s a r i s i n g f r o m l a r g e c o n c e n t r a t i o n s of q u e n c h e r s needed f o r a q u a n t i t a t i v e quenching o f t r i p l e t s t a t e s .
The d i r e c t B e t e r m i n a t i o n o f bnt by t h e e n e r g y t r a n s f e r method ( r e f . 13) b e i n g r a r e l y a p p l i e d d u e t o e x p e r i m e n t a l d i f f i c u l t i e s , Qet i s u s u a l l y c a l c u l a t e d from s e p a r a t e l y d e t e r m i n e d @isc and @A v a l u e s .
The e v a l u a t i o n o f t h e p h o t o p h y s i c a l p a r a m e t e r s o f t h e h e m a t o p o r p h y r i n d e r iv a t i v e ( H P D ) i s a n i n t e r e s t i n g example d e m o n s t r a t i n g d i f f e r e n t methods of anal y s i s a n d t h e i r l i m i t s . HPD i s s t i l l t h e most f r e q u e n t l y u s e d s e n s i t i z e r i n development o f new s e n s i t i z e r s d e s i g n e d f o r t h i s a p p l i c a t i o n . T h i s s u b s t a n c e h a s no d e f i n e d c h e m i c a l s t r u c t u r e b u t c o n s i s t s of s e v e r a l p o r p h y r i n s e x h i b i t i n g r e l a t e d chromophore c h a r a c t e r i s t i c s ( r e f . 1 5 ) . HPD ( o f P h o t o f r i n I1 q u a l i t y
( r e f . 1 4 ) ) e x h i b i t s a r a t h e r h i g h quantum y i e l d o f s i n g l e t oxygen p r o d u c t i o n i n PhO t o d v n a m i c t h e r a D v o f t u m o r s ( r e f . 1 4 ) a n d i s t a k e n as a s t a n d a r d i n t h e methanol (@A = 0 . 8 3 ) . However, i n p h y s i o l o g i c a l s a l t s o l u t i o n , HPD h a s a v e r y l i m i t e d s o l u b i l i t y and i s a r a t h e r p o o r s i n g l e t oxygen s e n s i t i z e r : @A h a s a v a l u e o f 0 . 1 2 a t a c o n c e n t r a t i o n o f 0 . 0 6 a n d d e c r e a s e s a s t h e HPD c o n c e n t r a t i o n i n c r e a s e s ( r e f . 1 6 ) . Maximum v a l u e s o f @is= o f a b o u t 0 . 5 i n p h y s i o l o g i c a l s a l t s o l u t i o n and o f 0 . 9 i n methanol have been c a l c u l a t e d on t h e b a s i s o f r e s u l t s o b t a i n e d from t h e p a r t i a l s a t u r a t i o n method a n d assuming an a v e r a g e m o l e c u l a r w e i g h t of 598.7 gamol-I ( r e f . 1 7 ) . Thus, t h e d i f f e r e n c e of @A i n m e t h a n o l and i n p h y s i o l o g i c a l s a l t s o l u t i o n r e f l e c t s a n i m p o r t a n t s o l v e n t d e u e n d e n c e o f @ i s c . a n d 0 f bZt. P a r a l l e l s p e c t r o s c o p i c s t u d i e s show a n o t a b l e s h i f t o f t h e S o r e t band, a n i n c r e a s e o f i t s m o l a r a b s o r p t i o n c o e f f i c i e n t , a more d i s t i n c t p r o f i l e o f t h e Q b a n d s a n d a s t e a d y i n c r e a s e o f t h e r e l a t i v e quantum y i e l d of f l u o r e s c e n c e ( b y a f a c t o r o f 6 ) f o r w a t e r / m e t h a n o l m i x t u r e s c o n t a i n i n g from 0 t o 1 0 0 % m e t h a n o l ( r e f . 1 7 , 1 8 ) . T h e s e c h a n g e s a r e d u e t o a pronounced a g g r e g a t i o n o f t h e s e n s i t i z e r i n a q u e o u s s o l u t i o n , which e n h a n c e s i n t e r n a l c o n v e r s i o n f r o m t h e e l e c t r o n i c a l l y e x c i t e d s i n g l e t s t a t e a n d t h u s d i m i n i s h e s t h e e f f i c i e n c i e s o f b o t h f l u o r e s c e n c e and i n t e r s y s t e m c r o s s i n g .
A s t r i p l e t s t a t e s a r e e f f i c i e n t l y quenched by m o l e c u l a r oxygen, many a u t h o r s assumed a @isc e q u a l t o @A and, t h u s , an e f f i c i e n c v o f t h e e n e r a v t r a n s f e r t o molecu l a r oxvaen (Qet) e q u a l t o u n i t y . F o r i n s t a n c e , b a s e d on a n i n d i r e c t d e t e rm i n a t i o n of @ A o f r o s e bencjal, @isc h a s b e e n u s u a l l y t a k e n t o be 0 . 7 6 i n methanol ( r e f . 1 9 ) a n d 0 . 8 6 i n e t h a n o l ( r e f . 2 0 ) . I n f a c t , @isc d e t e r m i n e d by t h e p a r t i a l s a t u r a t i o n method i s , i n b o t h water and m e t h a n o l , p r a c t i c a l l y u n i t y ( r e f . 21), h e n c e , d i m i n i s h i n g t h e e f f i c i e n c y o f e n e r g y t r a n s f e r , Qet, t o v a l u e s of 0 . 7 6 i n methanol and 0 . 7 5 i n w a t e r .
The o b s e r v e d s o l v e n t d e p e n d e n c e o f @isc o f HPD m i g h t o r i g i n a t e from e f f e c t s which c o n c e r n o n l y a l i m i t e d number o f t h e components i n v o l v e d a n d , d u e t o a g g r e g a t i o n a l e f f e c t s , i s a n e x c e p t i o n t o a g e n e r a l l y a c c e p t e d r u l e t h a t t h e quantum e f f i c i e n c i e s o f p r i m a r y p h o t o c h e m i c a l p r o c e s s e s of s i m p l e s e n s i t i z e r m o l e c u l e s do n o t v a r y t o a g r e a t e x t e n t a s f a r a s t h e s o l v e n t change m a i n t a i n s t h e p o l a r o r a p o l a r s o l v e n t c h a r a c t e r .
A s o l v e n t dependence o f @A may, hence, b e g e n e r a l l y e x p l a i n e d b y v a r i a t i o n s o f Q e t . Redmond a n d B r a s l a v s k y compared e x p e r i m e n t a l l y d e t e r m i n e d @A v a l u e s o f a series o f s e n s i t i z e r s w i t h t h e a l r e a d y p u b l i s h e d @isc o f t h e same compounds ( r e f . 2 2 ) . The c a l c u l a t e d Qet l e a d t o a q u a l i t a t i v e d i f f e r e n t i a t i o n between e n e r g y t r a n s f e r s from xx* and n x * t r i p l e t s t o m o l e c u l a r oxygen, t h e f o r m e r showing h i g h e r v a l u e s o f Qet. Based on a r e a ct i o n scheme which i n c l u d e s t h e s p i n s t a t i s t i c a l f a c t o r s d e t e r m i n i n g t h e dynamics o f t h e q u e n c h i n g o f 3 S e n s * b y m o l e c u l a r oxygen ( r e f . 2 3 ) , v a r i a t i o n s of Qet, due t o c h a n g e s o f t h e ket/krd r a t i o ( ( 4 ) and ( 5 ) ) , may be e x p l a i n e d by t h e r e l a t i v e i m p o r t a n c e o f t h e i n t e r s y s t e m c r o s s i n g b e t w e e n t h e two e l e c t r o n i c c o n f i g u r a t i o n s of t h e s e n s i t i z e r -o x y g e n e x c i p l e x e s w i t h s t r o n g CT c h a r a c t er i s t i c s : 1(Senss+-.*-02) * and (Sens*+-*-02) * ( r e f . 2 2 ) . The e x t e n t o f t h i s i n t e rs y s t e m c r o s s i n g may b e q u a l i t a t i v e l y l i n k e d t o t h e p o l a r i z a b i l i t y of t h e elect r o n i c a l l y e x c i t e d s e n s i t i z e r m o l e c u l e which i s g e n e r a l l y assumed t o b e lower i n nx* t h a n i n nK* t r i p l e t s t a t e s . T h i s i n t e r p r e t a t i o n c a n n o t e x p l a i n t h e s t r o n g s o l v e n t d e p e n d e n c e o f @A o f f l u o r e n o n e ( @ A ( b e n z e n e ) / @ A ( m e t h a n o l ) -20, r e f . 2 2 , 2 4 , 2 5 ) , u n l e s s t h e l o w e s t t r i p l e t s t a t e of f l u o r e n o n e h a s a s t r o n g nx" char a c t e r i n methanol, f o r which no e x p e r i m e n t a l e v i d e n c e h a s been g i v e n so f a r .
Among t h e many means o f 2~ determination ' , methods of d i r e c t a n d i n d i r e c t a n a l ys i s have t o b e d i s t i n g u i s h e d . Methods o f d i r e c t a n a l y s i s make u s e o f a p h y s i c a l q u a l i t y o f s i n g l e t oxygen which can b e o b s e r v e d w i t h a n a p p r o p r i a t e equipment; l u m i n e s c e n c e ( r e f . 2 6 ) and c a l o r i m e t r i c ( r e f . 2 7 ) measurements a r e m o s t l y u s e d a t p r e s e n t . L u m i n e s c e n c e m e a s u r e m e n t s a t 1270 nm u n d e r c o n ' t i n u o u s e x c i t a t i n o are v e r y c o n v e n i e n t f o r t e c h n i c a l e v a l u a t i o n s of new s e n s i t i z e r s as w e l l a s f o r f u n d a m e n t a l i n v e s t i g a t i o n s . I n t h e a b s e n c e o f a s i n g l e t oxygen q u e n c h e r o r a c c e p t o r , r e a c t i o n s (1) t o ( 3 ) a r e f o l l o w e d by 
A. M. BRAUN AND E. OLIVEROS ( 7 )
The quantum y i e l d o f s i n g l e t oxygen l u m i n e s c e n c e , @,, i s t h e n @e = @A*@,
where
i s t h e l u m i n e s c e n c e e f f i c i e n c y , i f t h e q u e n c h i n g o f s i n g l e t oxygen by t h e s e n s i t i z e r ( 2 4 ) i s n e g l i g i b l e . Note t h a t k, << kd ( r e f . 2 6 ) .
F o r a g i v e n e q u i p m e n t , t h e e m i t t e d p h o t o n f l u x , P,, i s p r o p o r t i o n a l t o t h e o b s e r v e d s i g n a l S,, t h u s , ae = P,/P, = c S,/P,
I f measurements w i t h sample ( S e n s ) a n d r e f e r e n c e (R) s o l u t i o n s a r e made u s i n g i d e n t i c a l a b s o r b a n c e s a t t h e w a v e l e n g t h ( s ) o f e x c i t a t i o n ( A ) , h e n c e , e n s u r i n g i d e n t i c a l a b s o r p t i o n f a c t o r s (a = P,/Po = ( l -l O -A ) ) , t h e e q u i p m e n t s p e c i f i c p r o p o r t i o n a l i t y f a c t o r C r e m a i n s c o n s t a n t . F u r t h e r m o r e , k, a n d kd a r e r e s p e c t iv e l y t h e same i n e x p e r i m e n t s w i t h S e n s a n d R, i f t h e same s o l v e n t i s u s e d . C o n s e q u e n t l y , t h e f o l l o w i n g e q u a t i o n s c a n b e a p p l i e d :
-f o r e x p e r i m e n t s w i t h i d e n t i c a l s o l v e n t , A a n d h,,,:
-f o r e x p e r i m e n t s w i t h i d e n t i c a l s o l v e n t a n d A , b u t d i f f e r e n t k,,, f o r S e n s and
( 1 2 ) -f o r e x p e r i m e n t s w i t h i d e n t i c a l A and hex,, b u t d i f f e r e n t s o l v e n t s f o r S e n s and R:
( 1 3 ) where
i s t h e l i f e t i m e o f s i n g l e t oxygen i n a g i v e n medium.
From t h e most r e c e n t e x p e r i m e n t s , r e s u l t s o f @A d e t e r m i n a t i o n o f 1H-phenalen-lone s h o u l d b e m e n t i o n e d . T a k i n g f l u o r e n o n e as a s t a n d a r d i n CgDg or CgH6 (11) and r o s e b e n g a l as a s t a n d a r d i n CD30D ( 1 2 ) , t h e same v a l u e o f 0 . 9 8 ( k 0 . 0 5 ) h a s b e e n f o u n d f o r 1s-phenalen-1-one i n b o t h s o l v e n t s , p l a c i n g t h i s k e t o n e among t h e most e f f i c i e n t s i n g l e t oxygen s e n s i t i z e r s known ( r e f . 2 5 ) .
E v i d e n t l y , @A d e t e r m i n a t i o n s c a n a l s o b e made by time r e s o l v e d l u m i n e s c e n c e measurements, b u t p r o b l e m s u s u a l l y a r i s e from a n i n f e r i o r s i g n a l / n o i s e r a t i o , from t h e r e p r o d u c i b i l i t y o f t h e i n c i d e n t p h o t o n f l u x and from d i f f i c u l t i e s w i t h t h e measurement of t h e s i g n a l i n t e n s i t y a t z e r o -t i m e . However, good r e s u l t s can b e o b t a i n e d when w e l l -i n v e s t i
u l t s which c a n o n l y b e i n t e r p r e t e d w i t h a c o n s i d e r a b l e v a r i a t i o n o f k, ( r e f . 3 0 -3 2 ) . F o r i n s t a n c e , @A o f r o s e b e n g a l was d e t e r m i n e d b y e x p e r i m e n t s where s i n g l e t oxygen i s q u a n t i t a t i v e l y t r a p p e d by 2-f u r f u r y l a l c o h o l (vide i n f r a ) t o b e 0 . 8 5 i n a c e t o n i t r i l e ( r e f . 3 3 ) , a h i g h v a l u e i n d i c a t i n g t h a t t h i s s o l v e n t i s a r e a c t i o n medium o f p r e f e r e n c e f o r many p r e p a r a t i v e a p p l i c a t i o n s . I n a s i m i l a r e x p e r i m e n t i n m e t h a n o l , t h e r e f e r e n c e v a l u e ( 0 . 7 6 , r e f . 1 9 ) c o u l d b e d u p l i c a t e d , a n d t h u s t h e r a t i o @A(acetonitrile)/@A(methanol) i s 1 . 1 2 . P a r a l l e l @A d e t e r m i n a t i o n s were made by l u m i n e s c e n c e measurements, a n d ( 1 3 ) was a p p l i e d , t a k i n g r o s e b e n g a l i n CD3CN a s S e n s a n d t h e same s e n s i t i z e r i n CD30D a s R ( r e f . 3 4 ) . A v a l u e o f k, ( a c e t o n i t r i l e ) /k, ( m e t h a n o l ) o f 1 . 4 
was c a l c u l a t e d , a r a t i o which i s d e f i n it e l y l a r g e r t h a n 1. The combined u s e o f d i f f e r e n t m e t h o d s o f a n a l y s i s of s i n g l e t oxygen i s b a s e d on t h e h y p o t h e s i s t h a t k, r e m a i n s c o n s t a n t f o r a s o l v e n t i n i t s p e r h y d r o g e n a t e d a n d p e r d e u t e r a t e d form, a h y p o t h e s i s which i s i n a c c o r d w i t h t h e i n t e r p r e t a t i o n t h a t k, d e p e n d s on t h e s o l v e n t p o l a r i z a b i l i t y ( r e f . 3 1 , 3 2 ) . D e t e c t i n g t h e s i n g l e t oxygen l u m i n e s c e n c e a t a n a n g l e o f 90' w i t h r e s p e c t t o t h e a x e s o f t h e beam o f t h e monochromatic i n c i d e n t l i g h t , t h e equipment spec i f i c p r o p o r t i o n a l i t y f a c t o r C d e p e n d s on t h e a b s o r b a n c e o f t h e s o l u t i o n . An e m p i r i c a l f u n c t i o n c a n b e f o u n d i n comparing t h e s i n g l e t oxygen l u m i n e s c e n c e i n i t i a t e d by t h e same s e n s i t i z e r a t d i f f e r e n t a b s o r b a n c e s , k e e p i n g o n e a b s o rbance v a l u e a s r e f e r e n c e ( A R )
. R e f e r r i n g t o (lo), w e may w r i t e 0, = C S , / { P o ( l -= C S,/{Po(l -T ) )
and t h e n R S, / S,
when t h e same i n c i d e n t p h o t o n f l u x ( P O ) i s a p p l i e d . I f @, i s i n d e p e n d e n t of
[ S e n s ] a s i s t h e case f o r r o s e b e n g a l and 1s-phenalen-1-one, a p l o t of S, / S, = f( (1 -T ) / ( l -TR) } shows t h e p r o p o r t i o n a l i t y f u n c t i o n CR/C ( F i g . 1, r e f . 3 5 ) . ( 1 6 ) a n d t e x t ) . ( 3 ) and ( 1 7 ) ) .
I f CD, depends on [ S e n s ] , t h e same p l o t i n c l u d e s t h e r e l a t i v e v a r i a t i o n of CD,, and concaratc a n be d e m o n s t r a t e d . T h i s i s f o r i n s t a n c e t h e c a s e f o r m e t h a n o l s o l u t i o n s o f c h l o r o a l u m i n i u m ( I I 1 ) s u l f o n a t e d p h t h a l o c y a n i n e (AlSPC), a n o t h e r p o t e n t i a l s e n s i t i z e r f o r PDT a p p l i c a t i o n s ( F i g . 1 ) . T h i s r e s u l t c o i n c i d e s w i t h e a r l i e r measurements, e v a l u a t i n g t h e s o l v e n t dependence of i t s @A, f o r w h i c h a d e c r e a s e from 0 . 3 i n pH 1 0 b u f f e r e d aqueous s o l u t i o n t o 0 . 1 i n m e t h a n o l w a s f o u n d ( r e f . 3 6 ) . W e assume t h a t b o t h o b s e r v a t i o n s a r e due t o an e n h a n c e d a g g r e g a t i o n o f t h e m u l t i p l y c h a r g e d compound i n t h e o r g a n i c s o l v e n t l e a d i n g t o a d e c r e a s e o f
(1-T) / (1-T ( R ) ) R F i g . 1. -P l o t o f S, / S, = f { ( l -T ) / ( 1 -T R ) } , (see
Methods o f i n d i r e c t s i n g l e t oxygen a n a l y s i s make u s e o f i t s c h e m i c a l r e a c t iv i t y , and, i n u s i n g s p e c i f i c a c c e p t o r s , t h e decrease o f b o t h t h e c o n c e n t r a t i o n of t h e a c c e p t o r A a n d t h e c o n c e n t r a t i o n of t h e d i s s o l v e d m o l e c u l a r oxygen may be d e t e r m i n e d (

The w t u m y i e l d o f t h e c h e m i c a l r e a c t i o n of sin-
, or, i s d e f i n e d as
kq b e i n g t h e r a t e c o n s t a n t o f t h e p h y s i c a l q u e n c h i n g o f where or = k,[Al/Ikd +(k, f kq) [A1 1 ( 1 9 ) ' 0 2 + A -0 2 t A ( 2 0 ) by A ( 2 0 ) .
kq
I n o r d e r t o a p p l y a s i n g l e t oxygen a c c e p t o r f o r q u a n t i t a t i v e a n a l y s i s , t h e ( 1 7 ) i s known a n d p r e f e r e n t i a l l y 1:1, -k , [ A ] i s t h e d o m i n a n t r a t e o f c o n s u m p t i o n o f l 0 2 , k, b e i n g p r e f e r e n t i a l l y h i g h e r t h a n l o 7 l a r n o l -l a s -l .
. BRAUN AND E. OLIVEROS -s p e c i f i c r e a c t i o n w i t h l 0 2 , -t h e s t o i c h i o m e t r y o f
Changing ( 1 8 ) i n t o
( 2 1 ) t h e e x p e r i m e n t a l l y d e t e r m i n e d a, ( 2 2 ) c a n b e p l o t t e d as l/@r = f ( l / [ A l ) , y i e ld i n g l / @~ from t h e o r i g i n i f k, >> k q r a n d k, from t h e s l o p e as kd i s known f o r t h e r e a c t i o n medium u s e d . F o r a 1 : l s t o i c h i o m e t r y o f ( 1 7 ) , w e c a n w r i t e
( 2 2 ) S p e c t r o p h o t o m e t r i c a n a l y s i s o f t h e a c c e p t o r c o n c e n t r a t i o n i s most c o n v e n i e n t , b u t o n l y i n t h e l a s t few y e a r s , w a t e r s o l u b l e a c c e p t o r s which c h a n g e t h e i r a b s o r p t i o n s p e c t r u m i n ( 1 7 ) h a v e b e e n p u b l i s h e d . They p e r m i t t o e x t e n d t h i s k i n d o f a n a l y s i s t o a l a r g e r r a n g e o f o r g a n i c s o l v e n t s a n d water ( r e f . 3 7 ) .
Among t h e a c c e p t o r s c i t e d , 1,3-diphenylisobenzofuran (DPBF) i s one o f t h e l e a s t s p e c i f i c , as t h i s compound i s known t o react r e a d i l y w i t h r a d i c a l s p e c i e s which
might b e p r e s e n t i n t h e r e a c t i o n m i x t u r e ( r e f . 3 8 ) , a n d 0, d e t e r m i n e d on t h e b a s i s o f DPBF r e a c t i v i t y a r e u s u a l l y o v e r e s t i m a t e d .
The i n d i r e c t s i n g l e t oxygen a n a l y s i s i s t h e method o f c h o i c e f o r @, d e t e r m it n a t i o n s i n non-homogeneous r e a c t i o n s y s t e m s . F o r [ S e n s ] d e p e n d e n t @A, l u m i n e sc e n c e measurements might l e a d t o a n e r r o n e o u s r e s u l t d u e t o t h e d i f f i c u l t i e s i n e s t a b l i s h i n g C (vide s u p r a ) , and c o r r e s p o n d i n g e x p e r i m e n t s s h o u l d b e checked by s i n g l e t oxygen t r a p p i n g . F o r example, @A d e c r e a s e s by a f a c t o r o f 2, as [ H P D ]
i s i n c r e a s e d from 0 . 0 6 t o 0 . 6 g . 1 -l i n a q u e o u s s o l u t i o n ( r e f . 1 6 ) , a concent r a t i o n e f f e c t which would b e v e r y d i f f i c u l t t o q u a n t i f y by l u m i n e s c e n c e measurement s .
E v i d e n t l y , a l l i n d i r e c t methods o f a n a l y s i s q u a n t i f y s i n g l e t oxygen which i s a v a i l a b l e f o r d i f f u s i o n c o n t r o l e d c h e m i c a l r e a c t i o n w i t h a c h o s e n a c c e p t o r . S e n s i t i z e r m o l e c u l e s m i g h t t h e m s e l v e s be e f f i c i e n t q u e n c h e r s o r a c c e p t o r s o f s i n g l e t oxygen ( ( 2 3 ) a n d ( 2 4 ) ) , h e n c e c o m p e t i n g w i t h a n a d d e d a c c e p t o r ( ( 1 7 ) a n d ( 2 0 ) ) . k t q ( 2 4 ) c a n be e a s i l y d e t e r m i n e d b y t i m e -r e s o l v e d l u m i n e s c e n c e m e a s u r e m e n t s ; f o r t h e d e t e r m i n a t i o n o f k ' , ( 2 3 ) , i n d i r e c t a n a l y s i s o f s e l f - 
S u r f a c e w a t e r s a r e known t o b e media where l i g h t i n d u c e d U t i v e d e g r a d a t i o n o f d i s s o l v e d o r d i s p e r s e d
o r g a n i c p o l l u t a n t z o c c u r s , a p r o c e s s i n which s i n g l e t oxygen, s e n s i t i z e d bv humic s u b s t a n c e s , m i g h t p a r t i c i p a t e . T h e s e s u b s t a n c e s a r e p o l y c h r o m o p h o r i c m a c r o m o l e c u l e s o f unknown d e t a i l e d s t r u c t u r e a n d m o l e c u l a r w e i g h t , i n which i n n e r a n d o u t e r a r e a s o f c o m p l e x a t i o n a n d , h e n c e , o f q u e n c h i n g ( r e f . 3 9 , 4 0 ) can be d i f f e r e n t i a t e d . I n t e r f e r e n c e s o f t h e a b s o r p t i o n s p e c t r a o f s e n s i t i z e r and s i n g l e t oxygen a c c e p t o r c a l l f o r t h e a n a l y s i s o f d i s s o l v e d m o l e c u l a r oxygen, a t e c h n i q u e which h a s b e e n d e v e l o p e d i n d e t a i l i n o u r l a b o r a t o r y . T h i s method u s e s 2 -f u r f u r y l a l c o h o l a s a s p e c i f i c s i n g l e t oxygen a c c e p t o r ( r e f . 4 0 , 4 1 ) f o r which t h e 1:l s t o i c h i o m e t r y o f ( 1 7 ) h a s a l s o b e e n e s t a b l i s h e d ( r e f . 42) . F o r a s e r i e s o f a q u e o u s humic a n d f u l v i c a c i d s , v a l u e s o f @, i n t h e r a n g e o f 0 . 0 2 t o 0 . 0 4 have b e e n f o u n d ( r e f . 4 3 ) , r e s u l t s which a r e f o r t e c h n i c a l r e a s o n s n o t y e t r e p r o d u c i b l e by l u m i n e s c e n c e measurements. R a t h e r i m p o r t a n t s e r i e s o f ( r e l a t i v e ) @, d e t e r m i n a t i o n s h a v e b e e n made i n t h e c o u r s e o f t h e d e v e l o p m e n t o f i n s o l u b l e s i n g l e t o x y g e n s e n s i t i z e r s ( r e f . 1 0 , 4 4 , 4 5 , 4 6 ) . Luminescence m e a s u r e m e n t s a r e o n l y of r e s t r i c t e d u s e f o r i m m o b i l i z e d s e n s i t i z e r p a r t i c l e s a n d e x t e n d e d s u r f a c e s a n d y i e l d S, v a l u e s which a r e d i f f i c u l t t o i n t e r p r e t due t o l a r g e d i f f e r e n c e s i n s u r f a c e s t r u c t u r e
e a c t i o n s y s t e m s , w e p r e f e r 0, d e t e r m i n a t i o n s u s i n g a n oxygen e l e c t r o d e . A s a n t i c i p a t e d , t h e r e s u l t s show maximum e f f i c i e n c i e s f o r i n s o l u b l e s e n s i t i z e r s o f c o l l o i d a l s i z e ( r e f . 4 5 ) : i n s o l u b l e s e n s i t i z e r s c o n s i s t i n g o f 2 % of r o s e b e n g a l c h e m i c a l l y bound t o f u n c t i o n a l i z e d S i 0 2 s u r f a c e s show a n e f f i c i e n c y o f a p p r o x im a t e l y 50% o f t h e s t a n d a r d s e n s i t i z e r i n s o l u t i o n .
L a s e r s p e c t r o s c o p i c i n v e s t i g a t i o n s on d e a e r a t e d s u s p e n s i o n s o f t h e same i n s ol u b l e s e n s i t i z e r s show t h e known T-T a b s o r p t i o n s p e c t r u m o f r o s e b e n g a l , b u t a l s o t h e s p e c t r u m o f t h e r a d i c a l c a t i o n o f t h e s e n s i t i z e r ( r e f . 2 1 , 4 5 ) . T h i s s p e c t r u m becomes dominant i n a e r a t e d s u s p e n s i o n s i n d i c a t i n g a v e r y c o m p e t i t i v e e l e c t r o n t r a n s f e r r e a c t i o n t o oxygen ( 2 5 ) .
e l t 3~e n s t 02
-S e n s + . t 0;' ( 2 5 ) The o b s e r v e d decrease o f or f o r i n s o l u b l e s e n s i t i z e r m i g h t t h e r e f o r e , a t l e a s t p a r t i a l l y , b e d u e t o e l e c t r o n t r a n s f e r r e a c t i o n , which i n t u r n i s f a v o r e d by a h i g h l o c a l s e n s i t i z e r c o n c e n t r a t i o n . i z e r z s h o u l d t h e n a l s o b e f o c u s s e d on t h e p r e p a r a t i o n o f s e n s i t i z e r s w i t h more d i l u t e s u r f a c e o c c u p a t i o n , t h e s u r f a c e f u n c t i o n a l i z a t i o n n o t a c t i n g a s a s i n g l e t oxygen q u e n c h e r .
, I
SINGLET O X Y G E N REACTIVITY
S i n g l e t oxygen i s a r a t h e r s p e c i f i c r e a g e n t whose t y p i c a l r e a c t i o n s a r e c l a ss i f i e d a s e n e -r e a c t i o n s , ( 2 t 4 ) c y c l o a d d i t i o n s , ( 2 t 2 ) c y c l o a d d i t i o n s a n d s u l fo x i d a t i o n s ( r e f . 8 , l O ) .
Improvements i n p r e p a r a t i v e a p p l i c a t i o n s o f some o f t h e s e r e a c t i o n s may be p o s s i b l e i n u s i n g new s e n s i t i z e r s a n d d i f f e r e n t s o l v e n t s o r s o l v e n t m i x t u r e s , o r i n i n t r o d u c i n g new r e a c t o r g e o m e t r i e s . Development o f s e n s i t i z e d p h o t o o x i d a t i o n s on a t e c h n i c a l s c a l e i s a l w a y s b a s e d
on or d e t e r m i n a t i o n s f o r which s u b s t r a t e , p r o d u c t a n d oxygen a n a l y s i s may b e u s e d , On t h e o t h e r h a n d , p u b l i s h e d t a b l e s o f k,, b u t a l s o o f k q v a l u e s ( r e f . 4 9 ) , m i g h t h e l p t o e v a l u a t e Qr f o r r e a c t i o n s y s t e m s o f known s e n s i t i z e r s a n d s o l v e n t s . The s i m u l t a n e o u s m e a s u r e m e n t s o f o x y g e n c o n c e n t r a t i o n a n d a b s o r b e d p h o t o n f l u x y i e l d e x c e l l e n t r e s u l t s a s l o n g as p e r i o d s o f i r r a d i a t i o n remain w i t h i n t h e t i m e l i m i t s o f t h e s t a b i l i t y o f oxygen e l e c t r o d e s ( r e f . 5 0 ) .
The c o n c e n t r a t i o n of t h e a c c e p t o r may b e a n i m p o r t a n t p a r a m e t e r i n t h e o p t i m iz a t i o n o f a s e n s i t i z e d p h o t o o x i d a t i o n . However, maximum l i m i t s might b e imposed by p o t e n t i a l s e n s i t i z e r -s u b s t r a t e i n t e r a c t i o n s ( e . g . ( 2 8 ) , r e f . 3 7 ) . I n t h i s r e s p e c t , s u l f o x i d a t i o n i s p a r t i c u l a r l y i n t e r e s t i n g , s i n c e i n i t s s e q u e n c e o f p r o d u c t f o r m a t i o n ( ( 2 6 ) a n d ( 2 7 ) ) a s e c o n d m o l e c u l e o f s u b s t r a t e i s i n v o l v e d . I n f a c t , t h e c o n c e n t r a t i o n dependence o f t h e o v e r a l l s u l f o x i d a t i o n i s t h e p r i nc i p a l argument f o r t h e p r o p o s e d s e q u e n c e ( r e f . 5 1 ) .
M i c r o e m u l s i o n s h a v e b e e n u s e d i n o r d e r t o e n s u r e i m p o r t a n t d i f f e r e n c e s i n c o n c e n t r a t i o n . I n t h e case o f N-methyl p h e n o t h i a z i n e ( M P T ) , t h e s e n s i t i z e rs u b s t r a t e i n t e r a c t i o n i s o f i m p o r t a n c e , a l t h o u g h ( 2 8 ) must b e a v e r y i n e ff i c i e n t p r o c e s s ( E T ( M P T ) -60 k c a l . m o l -l , r e f . 5 2 ) . Q u e n c h i n g o f t h e s e n s i t i z e r t r i p l e t by MPT a n d t h e c o r r e s p o n d i n g r a t e c o n s t a n t k, c o u l d be d e t e r m i n e d by a S t e r n -V o l m e r a n a l y s i s o f s i n g l e t o x y g e n l u m i n e s c e n c e ( r e f . 4 8 ) , a n d t h e q u e n c h i n g i s most p r o b a b l y due t o a n e l e c t r o n t r a n s f e r r e a c t i o n ( 2 9 ) . 
y , on t h e g h o t om i c e f f e c t s l a e d t o D h o t o t o x i c i t v r e e m p h a s i z e d t h e s e a r c h a n d e v a l u a t i o n h on l i g h t s t a b
o f new p h y s i c a l q u e n c h e r s o f s i n g l e t o x y g e n . T i m e -r e s o l v e d a n d s t e a d y -s t a t e s i n g l e t oxygen l u m i n e s c e n c e measurements a r e u s e d i n many l a b o r a t o r i e s f o r t h e d e t e r m i n a t i o n o f kq ( 2 0 ) . T h i s method o f a n a l y s i s i s , however, o n l y a p p l i c a b l e , when t h e q u e n c h e r h a s n o c o m p e t i t i v e c h e m i c a l r e a c t i v i t y . I f kq a n d k, are of t h e same o r d e r of m a g n i t u d e , t h e combined u s e o f l u m i n e s c e n c e measurements and i n d i r e c t a n a l y s i s by s i n g l e t o x y g e n t r a p p i n g i s a d v a n t a g e o u s , t h e f i r s t y i e l d i n g v i a Stern-Volmer a n a l y s i s ( k q + k,), t h e s e c o n d d e t e r m i n i n g k,.
A n a l y t i c a n d k i n e t i c i n v e s t i g a t i o n s as m e n t i o n e d a b o v e h e l p t o u n d e r s t a n d t h e mechanisms o f s i n g l e t o x y g e n p r o d u c t i o n a n d r e a c t i o n s a n d p e r m i t t o draw c o n c l u s i o n s f o r t h e development o f more e f f i c i e n t s e n s i t i z e r s , r e a c t i o n s y s t e m s o r q u e n c h e r s . T h e s e i n v e s t i g a t i o n s , however, d o n o t f o l l o w t h e r e a c t i o n up t o t h e f i n a l p r o d u c t , a l t h o u g h much o f t h e d e v e l o p m e n t a l work i n p r e p a r a t i v e c h e m i s t r y i s c o n c e r n e d w i t h t h e r e a c t i v i t y o f t h e i n t e r m e d i a t e s ( e . g . p e r o x i d e s ) a n d , h e n c e , w i t h t h e pDt i m i z a t i o n o f t h e sub-t t h e r m a l , a n d t h i s p r o c e d u r e h a s b e e n p a t e n t e d s i n c e ( r e f . 5 4 ) . 170-NMR a n a l y s i s r e v e a l s t h a t t h e e n d o p e r o x i d e o f f u r f u r y l a l c o h o l (El) c a n u n d e r g o sN2 a s w e l l a s S N~ r e a c t i o n s w i t h t h e s o l v e n t , f i n a l l y p r o d u c i n g A a n d t h e h y d r o p e r o x i d e C, r e s p e c t i v e l y . The same method o f a n a l y s i s showed t h a t t h e s N 1 r e a c t i o n c a n n o 
5;
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